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ABSTRACT
Temperature inversion layers are predicted to be present in ultra-hot giant planet atmospheres. Although such inversion layers have
been observed in several ultra-hot Jupiters recently, the chemical species responsible for creating the inversion remain unidentified.
Here, we present observation of the thermal emission spectrum of an ultra-hot Jupiter, WASP-189b, at high spectral resolution using
the HARPS-N spectrograph. Using the cross-correlation technique, we detect a strong Fe i signal. The detected Fe i spectral lines are
found in emission, which is a direct evidence of a temperature inversion in the planetary atmosphere. We further performed a retrieval
on the observed spectrum using a forward model with an MCMC approach. When assuming a solar metallicity, the best-fit result
returns a temperature of 4320+120−100 K at the top of the inversion, which is significantly hotter than the planetary equilibrium temperature
(2641 K). The temperature at the bottom of the inversion is determined as 2200+1000−800 K. Such a strong temperature inversion is probably
created by the absorption of atomic species like Fe i.
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1. Introduction
Characterising exoplanet atmospheres is an expanding and fast-
evolving subject within the exoplanet field. One of the key prop-
erties of an atmosphere is its temperature structure. Ultra hot
giant planets, with equilibrium temperature (Teq) larger than
2000 K, have been proposed to possess a temperature inversion
(i.e., a stratospheric layer where temperature increases with alti-
tude), because of the strong absorption of titanium oxide (TiO)
and vanadium oxide (VO) in their atmospheres (Hubeny et al.
2003; Fortney et al. 2008).
Earlier searches for temperature inversions and TiO/VO
were mostly made at low spectral resolutions. Although there
are claims or evidence of inversions and TiO detections (e.g.
Knutson et al. 2008; Désert et al. 2008; Todorov et al. 2010;
O’Donovan et al. 2010; Sedaghati et al. 2017), many of them
were subject to debate (e.g. Charbonneau et al. 2008; Zellem
et al. 2014; Diamond-Lowe et al. 2014; Schwarz et al. 2015; Line
et al. 2016; Espinoza et al. 2019). Haynes et al. (2015) observed
the thermal emission spectrum of an ultra-hot Jupiter (UHJ) –
WASP-33b and found evidence of a temperature inversion. The
existence of an inversion in WASP-33b was later on confirmed
by Nugroho et al. (2017) with a detection of TiO lines in emis-
sion line shape using high-resolution spectroscopy. Temperature
inversion has also been detected in another UHJ – WASP-121b
by Evans et al. (2017). The latter authors observed the low-
resolution thermal emission spectrum of WASP-121b and de-
tected an emission feature of H2O. However, Merritt et al. (2020)
searched for TiO and VO in WASP-121b using high-resolution
spectroscopy and reported a non-detection of TiO and VO. Be-
sides, signs of thermal inversions, which are inferred from ex-
cess emission due to CO at the 4.5µm photometry band of the
Spitzer telescope, have been observed in several UHJs includ-
ing WASP-18b (Sheppard et al. 2017; Arcangeli et al. 2018) and
WASP-103b (Kreidberg et al. 2018).
Recent theoretical simulations predict that atomic metals like
Fe and Mg can exist in the atmosphere of UHJs (e.g. Parmentier
et al. 2018; Kitzmann et al. 2018; Helling et al. 2019), and the
absorption of these metal lines at optical and UV wavelengths
is capable of producing temperature inversions without the pres-
ence of TiO/VO (Lothringer et al. 2018). Lothringer & Barman
(2019) further show that UHJs orbiting early-type stars have
stronger temperature inversions. Recent transit observations of
several UHJs reveal the presence of various atomic species in
their atmospheres, including atomic hydrogen (e.g. Yan & Hen-
ning 2018; Casasayas-Barris et al. 2018; Jensen et al. 2018) and
metal lines of Fe, Mg, Ti, and Ca (e.g. Hoeijmakers et al. 2018,
2019; Casasayas-Barris et al. 2019; Cauley et al. 2019; Yan et al.
2019; Turner et al. 2020; Stangret et al. 2020; Nugroho et al.
2020; Ehrenreich et al. 2020; Hoeijmakers et al. 2020a). Very
recently, Pino et al. (2020) detected Fe i lines in emission in
the dayside spectrum of KELT-9b, indicating the existence of
a temperature inversion in the planetary atmosphere. For WASP-
121b – another UHJ with temperature inversion detected, several
kinds of metals have been discovered in its transmission spec-
trum (Sing et al. 2019; Gibson et al. 2020; Ben-Yami et al. 2020;
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Hoeijmakers et al. 2020b). The detection of metal lines indicates
that metal line absorption could be partially or completely re-
sponsible for creating temperature inversions.
Here, we report a detection of neutral iron (Fe i) in the
dayside thermal emission spectrum of WASP-189b using high-
resolution spectroscopy. The detected Fe i lines are observed in
emission line shape, which is a direct evidence of a temperature
inversion in the planetary atmosphere. WASP-189b is an UHJ
(Teq = 2641 ± 34 K) orbiting a very bright A-type star (Ander-
son et al. 2018). Cauley et al. (2020) reported a non-detection of
atomic species in its transmission spectrum.
The paper is organized as follows. In Section 2, we show the
observations and data reduction. We present the detection of Fe i
using cross-correlation technique in Section 3 and the retrieval of
the temperature profile in Section 4. Conclusions are provided in
Section 5.
2. Observations and data reduction
We observed WASP-189b with the HARPS-N high-resolution
spectrograph (R ∼ 115 000) mounted on the Telescopio
Nazionale Galileo for two nights. The observation dates were
carefully chosen to be close to the secondary eclipses in order to
observe the planetary dayside hemisphere. The first night obser-
vation was after the eclipse while the second night observation
was before the eclipse. Details on airmass, S/N and number of
spectra are given in the observation log presented in Table 1.
The instrument pipeline (Data Reduction Software) produces
order-merged one-dimensional spectra with a wavelength cover-
age of 383 nm - 690 nm. We used these reduced spectra to search
for atmospheric signatures. The data from the two nights were
reduced separately. We firstly normalised each individual spec-
tra, shift them to the Earth’s rest frame, and then performed a
5-σ clip on each wavelength bin to remove outliers. We resam-
pled the spectra into a wavelength grid with steps correspond-
ing to ∼ 0.6 km s−1. The continuum level of HARPS-N spectra
exhibits a wavelength-dependent variation, which is mainly at-
tributed to a problem of the atmospheric dispersion corrector
(Berdiñas et al. 2016; Casasayas-Barris et al. 2019; Nugroho
et al. 2020). Other effects, including blaze function stability, at-
mospheric extinction and stellar pulsations, can also introduce
continuum variations. Therefore, we implemented the follow-
ing procedures to correct the continuum variation: averaging all
the spectra to obtain a master spectrum; dividing each spec-
trum by the master spectrum; smoothing the result by a Gaus-
sian function with a large standard deviation of 300 points (∼
180 km s−1); dividing the original spectrum by the smoothed
result. We also tested this method on the order-by-order two-
dimensional spectra and used 7-order polynomial fit instead of
the Gaussian smoothing. We found that the final detected Fe i
signal (i.e. the peak cross-correlation signal in Section 3.3) is
similar but very slightly (∼ 0.2 σ) higher than the result using
order-merged one-dimensional spectra.
We removed the stellar and telluric absorption lines using
the SYSREM algorithm (c.f. Appendix A for details). The residual
spectra were subsequently aligned into the stellar rest frame by
correcting the barycentric Earth’s radial velocity (BERV) and the
stellar systemic radial velocity (RVsys = – 20.82 ± 0.07 km s−1,
which is measured using our HARPS-N spectra). The final resid-
ual spectra have values close to 1 and contain the planetary spec-
tral features that are buried in the spectral noises.
We estimated the error of each data point using the follow-
ing method. We firstly assumed a uniform error for all the data
points and ran the SYSREM algorithm with 5 iterations. Then, for
each data point, we calculated the standard deviations of the cor-
responding wavelength bin (i.e. vertical dimension in Fig.A.1)
and the exposure frame (i.e. horizontal dimension in Fig.A.1).
The uncertainty of each data point is subsequently assigned as
the average of these two standard deviation values.
3. Detection of Fe i with cross-correlation method
3.1. Modelling the emission spectrum of Fe i
The cross-correlation method requires a theoretical spectral tem-
plate to be cross-correlated with the observed spectra (Snellen
et al. 2010; Brogi et al. 2012). Therefore, we calculated
the Fe i thermal emission spectrum of WASP-189b using the
petitRADTRANS code (Mollière et al. 2019). Following the
method in Brogi et al. (2014), we parametrized the atmospheric
temperature-pressure (T -P) profile with a two-points assump-
tion, namely the lower pressure point (T1, P1) and the higher
pressure point (T2, P2). For pressures lower than P1 or higher
than P2, the temperatures are assumed to be isothermal; for pres-
sures between P1 and P2, the temperature changes linearly with
log10(P) with a gradient (Tslope) defined as
Tslope =
T1 − T2
logP1 − logP2 . (1)
For cases with T1 > T2, the atmosphere has an inversion layer
(i.e. a stratosphere as shown in Fig.1). According to Lothringer
& Barman (2019), the T -P profiles of UHJs around early-type
stars are analogies to the two-points model.
To calculate a model spectrum of WASP-189b, we set the
two points as (4000 K, 10−4 bar) and (2500 K, 10−2 bar) (shown
in Fig.1). We assumed a solar metallicity and set the volume mix-
ing ratio of Fe i as a constant (10−4.59). Other parameters includ-
ing the surface gravity, the stellar and planetary radii (Rp and Rs)
are fixed to the values in Anderson et al. (2018). We neglected
H− in the model calculation, because adding H− only changes
slightly the Fe i line depth (Fig.B.3). Rayleigh scattering is also
not included in the model. After obtaining the thermal emission
spectrum of the planet (Fp) with petitRADTRANS, we divided it
by the blackbody spectrum of the star (Fs) to get the model spec-
trum 1 + Fp/Fs. This spectrum was then normalised by dividing
it with the continuum spectrum 1 +Cp/Fs, whereCp is the black-
body spectrum of T2. The spectrum was subsequently convolved
with the instrumental profile using the broadGaussFast code
from the PyAstronomy library (Czesla et al. 2019). Fig.2 shows
the final model spectrum, in which the Fe i lines have emission
line shapes because the assumed T -P profile has a temperature
inversion.
3.2. Cross-correlation with the Fe i model
To search for the Fe i features in the dayside spectrum, we
cross-correlated the observed data (i.e. the residual spectra af-
ter SYSREM procedures) with a grid of the model spectrum. The
grid was established by shifting the model spectrum from – 500
km s−1 to + 500 km s−1 in 1 km s−1 step. Here, we did not divide
the data by its standard deviation because this procedure will
modify the strength of the planetary signal (Brogi & Line 2019).
Before the cross-correlation, we filtered the observed residual
spectra using a Gaussian high-pass filter with a standard devia-
tion of 15 points (∼ 9 km s−1) to remove any remaining broad-
band features. For each of the residual spectra, we obtained a
cross-correlation function (CCF):
CCF =
∑
rimi, (2)
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Table 1. Observation logs of HARPS-N observation of WASP-189b.
Date Airmass change Phase coverage Exposure time [s] Nspectra S/N rangea
Night-1 2019-04-13 1.79 – 1.18 – 1.59 0.533 – 0.624 60 247 65 – 90
Night-2 2019-04-29 2.08 – 1.18 – 2.19 0.384 – 0.497 60 297 45 – 80
Notes. (a) The S/Ns are measured at ∼ 5515 Å for wavelength points with a size of 0.01 Å.
Fig. 1. Illustration of the two-points T -P profile assumption.
Fig. 2. Modelled thermal emission spectrum of Fe i. We assumed the T -
P profile as in Fig.1. The spectrum has been convolved to the resolution
of the HARPS-N spectrograph and normalised. This model spectrum is
used for cross-correlation.
where ri is the residual spectra and mi is the shifted model spec-
trum at wavelength point i. We used the full wavelength coverage
of the spectrograph excluding the O2 band at around 690 nm and
the Na doublet line cores that are affected by interstellar medium
absorption.
3.3. Cross-correlation results
The CCFs of all the observed spectra are presented in Fig.3. The
upper panel of Fig.3 is the CCF-map in the stellar rest frame (i.e.,
with BERV and RVsys corrected). The planetary signal, which
is the bright stripe with positive radial velocity (RV) before the
eclipse and negative RV after the eclipse, is directly observable
on the CCF-map. We established a model to fit the planetary RV
signature directly on the CCF-map. We assumed that the CCF
has a Gaussian profile and the centre of the Gaussian profile is
determined by the planetary velocity:
3p = Kpsin(2piφ) + ∆3, (3)
where Kp is the semi-amplitude of the planetary orbital RV,
φ is the orbital phase (φ = 0 is the mid-transit) and ∆3 is a
RV deviation from the planetary orbital velocity. A circular or-
bit was adopted in the model. We then applied the Markov
Chain Monte Carlo (MCMC) simulations with the emcee tool
(Foreman-Mackey et al. 2013) to fit the planetary signal on the
CCF-map. For each of the CCF, we assigned its standard devia-
tion as the noise. The best-fit result is 193.54+0.54−0.57 km s
−1 for Kp
and 0.66+0.25−0.26 km s
−1 for ∆3. The obtained Kp is consistent with
the expected Kp (197+15−16 km s
−1) derived using Kepler’s third law
with the orbital parameters from Anderson et al. (2018). The
small ∆3 value can be originated from several different sources,
including the planetary atmospheric motion due to winds or ro-
tation (Zhang et al. 2017; Flowers et al. 2019), the deviation
of the absolute stellar RV relative to the measured RVsys (Yan
et al. 2019), the uncertainty in the transit ephemeris (e.g., ac-
cording to the orbital parameters in Anderson et al. (2018), the
mid-transit time during our observations has an uncertainty of ∼
300 s, which corresponds to a RV offset of 1.6 km s−1 at phases
close to the secondary eclipse), and the eccentricity of the orbit.
The lower panel of Fig.3 presents the CCF-map in the planetary
rest frame and the atmospheric signal is the vertical bright stripe
located around zero RV, as expected for a planetary signal.
We also generated the classical Kp-map by calculating the
combined CCF for different Kp values (Fig.4). The Kp-map is
divided by the standard deviation of the region with |∆3| ranging
from 100 to 200 km s−1. In this way, the value on the Kp-map
represents the signal to noise ratio (S/N). The Night-1 map has
a stronger signal than the Night-2 map because the first half of
the Night-2 data have lower S/Ns probably caused by a telescope
focusing problem. The bottom panel presents the combined CCF
of the two nights data at Kp = 193.5 km s−1, showing a detection
of Fe i at S/N ∼ 8.7. The map generated using the data of both
nights (Fig.4c) has a very clear peak, demonstrating that Kp and
∆3 can be well constrained when combining the data observed
before and after eclipse.
The strong cross-correlation signal between the observed
spectrum and the Fe i modelled emission spectrum indicates that
the planetary Fe i lines have emission line profiles. Therefore,
the detection is clear evidence of the existence of a strong tem-
perature inversion layer in the planetary atmosphere. This result
agrees with the theoretical simulation in Lothringer & Barman
(2019), which suggests that UHJ can have a temperature inver-
sion originated from atomic absorptions.
We also searched for other atomic species including Fe ii, Ti i
and Ti ii using a similar method as described above (i.e. cross-
correlating the observed residual spectrum with the model spec-
trum assuming a two-points T -P profile and constant mixing ra-
tios). We were not able to detect other atomic species. However,
considering that Fe i has more lines than other atomic species,
the non-detection does not mean that these species do not exist
in the atmosphere. Since we are detecting the thermal emission
spectrum, other species may exist below or above the tempera-
ture inversion where the temperature could be close to isother-
mal, and therefore, these species do not contribute to the emis-
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Fig. 3. Cross-correlation functions of the two nights observations. The
upper and middle panels are the observed and modelled CCF-map in
the stellar rest frame, respectively. The atmospheric Fe i signal is the
bright stripe that appears during out-of-eclipse. The blue dashed lines
indicate the expected planetary RV during eclipse. The bottom panel is
the CCF-map with the planetary velocity (3p) corrected using the best-
fit Kp and ∆3 values, and the atmospheric signal is the vertical stripe
located around zero RV.
sion spectrum. Besides, we searched for TiO and VO using the
cross-correlation method, and did not detect any signal.
4. Retrieval of the temperature-pressure profile
4.1. Retrieval method
Although the cross-correlation results demonstrate the existence
of a temperature inversion, the detailed T -P profile is not con-
strained. Retrieval methods for high-resolution spectroscopy
have been developed in recent years (e.g. Brogi et al. 2017; Brogi
& Line 2019; Shulyak et al. 2019; Fisher et al. 2020; Gibson
et al. 2020). Following these works, we established a framework
to retrieve the T -P profile of WASP-189b.
Since the Kp and the ∆v are well determined by the cross-
correlation method, we fixed these two values and shifted all
Fig. 4. The Kp-∆3 maps. Panels a and b are the maps for the Night-1 and
Night-2 data, respectively; panel c is the map for the two-nights data.
The bottom panel is the CCF at the best-fit Kp. The dashed lines indicate
the best-fit Kp and ∆3 values.
the residual spectra to the planetary rest frame. We subsequently
calculated a master residual spectrum (Ri) by averaging all the
shifted spectra with their mean (S/N)2 as weight (Fig.B.1), ex-
cluding the ones taken in occultation. Following the method in
Gibson et al. (2020), we assumed a standard Gaussian likelihood
function and expressed it in logarithm as
ln(L) = −1
2
∑
i
[
(Ri − mi)2
(βσi)2
+ ln(2pi(βσi)2)
]
, (4)
where σi is the uncertainty of the observed residual spectrum Ri
at wavelength point i and β is a scaling term of the uncertainty.
The model spectrum mi is calculated in a similar way as in
Section 3.1.1. We assumed a two-points T -P profile and set T1,
P1, T2, P2 and β as free parameters. We used uniform priors
with boundaries shown in Table 2. In the retrieval work, the at-
mosphere consists of 81 layers uniformly spaced in log(P), with
a pressure range of 10−8 bar – 1 bar. The volume mixing ra-
tio of Fe i at each layer is calculated using the chemical module
in the petitCode (Mollière et al. 2015, 2017), assuming a so-
lar metallicity and equilibrium chemistry. The model takes into
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account thermal ionisation and condensation of Fe. Photochem-
istry is currently not included. According to the simulations of
KELT-9b in Kitzmann et al. (2018), the effect of photochemistry
to Fe i mixing ratio is relatively weak and is negligible at pres-
sures larger than 10−4 bar. Therefore, neglecting photochemistry
only has a very limited effect on the retrieval. In addition to the
Fe i lines, we also included Fe ii in the model to make the re-
trieval more complete, although the contribution of the Fe ii lines
to the retrieved result is trivial. The model spectrum is convolved
with the instrumental profile and normalised. We performed the
retrieval with the MCMC tool emcee.
4.2. Retrieval results and discussions
The best-fit T -P profile is presented in Fig.5 together with a suite
of profiles sampled by our analysis. The atmospheric parameters
of the best-fit are listed in Table 2 and the posterior distributions
shown in Fig.B.5. The retrieved β parameter has a value close
to 1, indicating a proper error estimation in our analysis. The re-
trieved T -P profile indicates that the top of the stratosphere is
located at ∼ 10−3.1 bar with a temperature of 4320+120−100 K and the
bottom of the stratosphere is located at ∼ 10−1.7 bar with a tem-
perature of 2200+1000−800 K. The contribution functions, which are
defined as the fraction of flux a layer contributes to the total flux
at given wavelengths, are shown in Fig.B.4. According to the
contribution functions, the fluxes of the Fe i emission lines are
mostly originated from the upper layer of the inversion, there-
fore, the bottom of the inversion layer is less well confined. In
the wavelength range of HARPS-N, the flux at the line core is
determined by T1 and is much larger than the flux of the adja-
cent continuum that is determined by the blackbody spectrum
at T2 (c.f. Fig.B.2), thereby, the lower boundary of T2 can not
be well determined as shown in the posterior distribution plot
(Fig.B.5). There are other factors that can potentially affect the
retrieved values, including uncertainties of the stellar and plane-
tary parameters (e.g. Rp/Rs) as well as the assumed atmospheric
metallicity.
In the above retrieval work, we assumed the Fe metallicity
([Fe/H]) to be solar, however, the retrieved T -P profile is related
to the assumed [Fe/H]. We performed additional retrievals with
[Fe/H] = −1 (i.e. decreasing the Fe metallicity by 10 times) and
[Fe/H] = +1 (i.e. increasing the Fe metallicity by 10 times). The
retrieved results are presented in Table 2. The T1 and T2 values
remain similar when changing the Fe metallicity, while the P1
and P2 values vary with [Fe/H]. The Fe metallicity is actually
degenerate with the pressures. This is because the strength of
the Fe i emission lines are determined by the number density of
Fe i at the upper layer of the inversion. Therefore, when assum-
ing a higher metallicity, the retrieved P1 value is smaller, result-
ing in a similar Fe i number density around (T1, P1). Detecting
other chemical species (e.g. FeH and CO) in the near-infrared
will probably be able to break the degeneracy and constrain the
atmospheric metallicity.
The retrieved T -P profile is consistent with the prediction by
Lothringer & Barman (2019) of strong temperature inversions in
the atmospheres of UHJs orbiting early-type stars. WASP-189b
orbits around an A6-type star, and it has a very hot dayside atmo-
sphere that is probably dominated by atomic species such as Fe i.
Since the planet receives a large amount of optical and UV irra-
diation, the absorption of the stellar flux by these atomic species
can heat the atmosphere and produce the temperature inversion
observed in this work. Although our result indicates the inver-
sion could be created by absorptions of atomic species like Fe i,
Fig. 5. Best-fit T -P profile retrieved from the Fe i emission lines (the
blue points and the green line). The grey lines show random examples
of T -P profile sampled by the MCMC analysis. The result is for the
retrieval assuming solar metallicity.
a comprehensive self-consistent radiation transfer model is re-
quired to calculate the actual opacity contributions in the inver-
sion layer.
The strong and dense Fe i emission lines in the optical wave-
lengths also increase the overall flux level of the planetary day-
side (c.f. Fig.B.2). Therefore, when measuring the secondary
eclipse in photometry, the obtained eclipse depth will probably
be larger than the depth corresponding to the planetary equilib-
rium temperature.
5. Conclusions
We observed the dayside thermal emission spectrum of WASP-
189b with the HARPS-N spectrograph. Utilising the cross-
correlation technique, we detected a strong signal of Fe i lines in
emission line shapes, which is direct evidence of a temperature
inversion. We fitted the observed Fe i spectrum with theoretical
models assuming a two-points temperature-pressure profile. The
retrieved T -P profile has a temperature inversion layer located
between ∼ 10−1.7 bar and ∼ 10−3.1 bar when assuming a solar
metallicity, and the top of the inversion layer has a very hot tem-
perature of 4320+120−100 K. We also searched for other species (in-
cluding Fe ii, Ti i, Ti ii, and TiO/VO) and were not able to detect
them. The non-detection can be attributed to either the lack of
enough lines in the HARPS-N wavelengths or the non-existence
of these species in the temperature inversion layer of the plane-
tary atmosphere.
Several UHJs have temperature inversions detected in their
dayside atmospheres, although the formation of the inversion
is still under debate. Our detection of a temperature inversion
with atomic iron in WASP-189b indicating that temperature in-
versions in UHJs are probably partially or completed produced
by atomic absorptions of the stellar optical and UV irradiation.
However, TiO/VO or other metal compounds can still contribute
to the formation of temperature inversion. Further observations
in multiple wavelengths and both low and high spectral resolu-
tions will be able to depict a comprehensive chemical and tem-
perature structures of these planets. Expanding the observations
to other UHJs will explore the diversity of temperature structures
related to different chemical species and host star types.
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Table 2. Best-fit parameters from the T -P profile retrieval.
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log P1 −3.10+0.23−0.25 −2.36+0.17−0.20 −4.20+0.28−0.29 −7 to 0 log bar
T2 2200+1000−800 2300 ± 1000 2100+900−800 1000 to 6000 K
log P2 −1.7+0.8−0.5 −1.3+0.6−0.3 −2.1+1.1−0.8 −7 to 0 log bar
β 0.871 ± 0.001 0.871 ± 0.001 0.871 ± 0.001 0 to 10 -
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Fig. A.1. Example of the data reduction procedures. These data are from
Night-1 observation. (a) Original spectra from the HARPS-N pipeline
(Data Reduction Software). These are order-merged spectra. Here the
spectra are shifted into the Earth’s rest frame. (b) Spectra after normal-
isation and correction of blaze variations. (c) Residual spectra after the
removal of stellar and telluric lines using SYSREM.
Appendix A: Removal of stellar and telluric lines
with SYSREM
The SYSREM algorithm (Tamuz et al. 2005) has been demon-
strated to be a robust technique to remove the stellar and tel-
luric lines for high-resolution spectroscopy (Birkby et al. 2013;
Snellen et al. 2014; Birkby et al. 2017). The input data for the
SYSREM algorithm is the normalised and blaze-variation cor-
rected spectral matrix. We chose a SYSREM iteration of 6 because
the S/Ns of the planetary signal are relatively high for both nights
at this iteration. We tested different iterations and found the re-
sults do not change much.
In order to preserve the relative depths of the planetary lines,
we used the same method as in Gibson et al. (2020). Firstly, we
applied the SYSREM iterations in the classical way. Then, instead
of using the subtracting residual as the final product, we summed
the SYSREM models from each iteration and divided the origi-
nal input data by the final model. In this way, the strengths of
the planetary signals located at the stellar and telluric absorp-
tion lines are preserved and the residual spectra represent the
normalised spectra of 1 + Fp/Fs. We performed the SYSREM
with data in flux-space, while the SYSREM method was origi-
nally used for data in magnitude-space (Tamuz et al. 2005). We
note that dividing the SYSREM models in flux-space as described
above is mostly equivalent to subtracting the SYSREM models in
magnitude-space.
Fig. B.1. Upper panel: Master residual spectrum. This is the combina-
tion of all the residual spectra of the two nights, excluding the spectra
taken in eclipse. Lower panel: Uncertainty of the master residual spec-
trum.
Fig. B.2. Example of the modelled spectrum (the blue line) and the cor-
responding continuum (the orange line). The dashed black line shows
the zero flux level. The spectra were calculated using the best-fit T -P
profile in Fig.5. The continuum corresponds to the blackbody spectrum
at the temperature of T2. In the HARPS-N wavelength range (i.e. below
0.69 µm), the flux at the Fe i line core is much larger than the continuum
flux.
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Fig. B.3. Comparison between the normalised model spectra with and
without the H− continuum opacity. The spectra were calculated using
the same parameters as in Fig.B.2. The line depths between the two
models are almost the same, indicating that the H− contribution can be
neglected in our analysis.
Fig. B.4. Contribution functions of the thermal emission spectrum cal-
culated using the same parameters as in Fig.B.2. The upper panel
presents the contribution functions over the entire HARPS-N wave-
length range and the bottom panel presents a detailed view in a narrow
wavelength range. The contribution functions indicate that the fluxes
of the Fe lines are from the upper layer of the temperature inversion,
while the continuum flux is from the low altitudes. It appears that we
are probing the continuum at the bottom of the atmosphere (which is set
as 1 bar), however, this result is due to the model setup (i.e. isothermal
for pressures larger than P2). The continuum spectrum is the same if we
set the atmospheric lower boundary at P2 instead of 1 bar.
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Fig. B.5. Posterior distribution of the parameters from the MCMC fit. Tslope is not a fitted parameter, but is calculated using Eq. (1).
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